We have investigated how ambient humidity can affect quantitative measurements of elastic properties on the nanoscale. Using an emerging technique called atomic force acoustic microscopy ͑AFAM͒, two samples were examined: a thin film of fluorosilicate glass and a section of borosilicate glass. When experimental results were analyzed using a simple model of the atomic force microscope cantilever dynamics, values of the tip-sample contact stiffness k* increased approximately linearly with relative humidity. The effect is believed to be due to the presence of a humidity-dependent layer of water on the sample. To account for this, the data analysis model was extended to include viscoelastic damping between the tip and the sample. A damping term proportional to the relative humidity was used. The revised values for k* showed virtually no dependence on humidity. Thus, the subsequent calculations of the indentation modulus M from k* yielded similar values regardless of measurement humidity. These results indicate that environmental conditions can influence quantitative nanoscale measurements of elastic properties, at least in some materials.
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I. INTRODUCTION
Atomic force acoustic microscopy ͑AFAM͒ is an emerging technique to determine elastic properties of thin films and surfaces. Based on atomic force microscope ͑AFM͒ techniques, AFAM can provide elastic property information with nanoscale spatial resolution. The feasibility of AFAM ͓and related methods such as ultrasonic atomic force microscopy and ultrasonic force microscopy ͑UFM͔͒ to yield quantitative nanoscale information has been demonstrated by several authors. [1] [2] [3] [4] In order for AFAM to realize its full potential, however, several issues related to quantitative measurements must be examined more thoroughly. Here, we present results to investigate one such issue, namely the effect of the relative humidity ͑RH͒ on quantitative AFAM measurements of elastic modulus. We show how RH effects can introduce a measurement artifact and how this can be overcome by including damping effects in the data analysis model. Figure 1 shows a schematic of our experimental AFAM apparatus. The principles of operation are described in more detail elsewhere. 2 The sample under investigation was bonded to a piezoelectric transducer placed on the AFM stage. The transducer was a commercially available ultrasonic longitudinal contact transducer. It was excited with a continuous sine wave using a computer-controlled function generator ͑frequency: 0.1-2.5 MHz; amplitude: 25-200 mV for our transducer͒. If the AFM cantilever was positioned close to, but not touching, the sample surface, the free-space flexural resonances of the cantilever were excited. The transducer excitation frequency was swept and the amplitude of the response of the cantilever at that frequency was detected by the AFM photodiode sensor using lock-in techniques. In this way, a spectrum of the vibration amplitude of the cantilever versus frequency was obtained. Next, the cantilever tip was lowered into contact with the sample and a second vibration amplitude spectrum obtained. From the two spectra, the frequencies of the lowest two flexural resonances of the cantilever, for both free-space and sample-coupled conditions, were determined using the process described below.
II. EXPERIMENTAL METHODS
The AFM cantilever used in these experiments was a rectangular-shaped silicon cantilever approximately 230 m long, 45 m wide, and 8 m thick. The nominal value of the cantilever spring constant k c specified by the vendor was k c ϭ45.7 N/m. We found that the two lowest free-space flexural vibrations of this cantilever occurred at f 1 0 ϭ175.7 Ϯ0.1 kHz and f 2 0 ϭ1134.4Ϯ0.1 kHz. When in contact with the samples described below, the two lowest flexural resonances, f 1 and f 2 , occurred in the range of 840-860 kHz and 1885-1930 kHz, respectively. The resonant frequencies were measured at three different cantilever static deflections ␦ϭ15, 25, and 40 nm. Given the vendor value of k c , this corresponded to static applied forces F N in the range of 0.7-1.8 N.
The experimental values for the resonant frequencies were used to calculate the contact stiffness k* between the tip and the sample. The procedure by which this was accomplished is described in more detail below. Spectra of the cantilever resonances were acquired not only when the tip was in contact with the test ͑unknown͒ sample, but also in contact with a reference material whose elastic properties For the experiments described here, we monitored the RH during the AFAM measurements. Because our laboratory does not have humidity control, the values represent the ambient conditions at the time of the experiment. The RH meter contained a remote capacitive polymer sensor on a cable approximately 1 m long. The instrument accuracy specified by the vendor was Ϯ2% and the resolution was 1%. Our AFM has an acoustic isolation hood that is placed over the apparatus during use. In these experiments, the samples were exposed to ambient conditions overnight. Each morning, the equipment was powered on and allowed to warm up for 2-3 h. The remote RH probe was placed close to the AFM head and the hood was closed while the measurements were made.
Each set of measurements ͑that is, three different ␦ on one sample͒ typically took 15-20 min. The values indicated below are the average RH over this time. All of the measurements were made over the course of one week.
III. SAMPLE MATERIALS
AFAM experiments were performed on two samples. The test or unknown material was a thin film of fluorosilicate glass ͑FSG͒ on a ͑001͒ single-crystal silicon substrate. FSG, also known as fluorine-doped silicon oxide, is made by introducing fluorine during the deposition process of silica (SiO 2 ). 6 The resulting material contains a few atomic percent of flourine. ͑The exact processing conditions and composition of this particular film were not available.͒ FSG is of interest to the microelectronics industry as a replacement for SiO 2 in applications requiring a lower dielectric constant. The thickness of the film was measured by examining a sample cross section approximately 2 cm long in a fieldemission scanning electron microscope ͑SEM͒. From six different SEM images of the cross section of the film, the average thickness d FSG of the FSG film was found to be d FSG ϭ3.08Ϯ0.01 m.
A piece of Corning 7740 Pyrex borosilicate glass ͑Corn-ing, Inc., Corning, New York͒, 7 approximately 0.5 mm thick, was used as the reference material in order to determine M FSG , the indentation modulus of the FSG film. A value M 7740 ϭ64Ϯ2 GPa of the indentation modulus M for the Pyrex 7740 sample was obtained by nanoindentation. 8 The value represents the average and standard deviation of 12 individual measurements.
IV. DATA ANALYSIS METHODS
To determine the tip-sample contact stiffness k* from the cantilever resonant frequencies, we used a previously developed model. 9 When applied to a cantilever such as this one whose geometry closely approximates a rectangular beam of uniform cross section, the model has been shown to provide accurate modulus values for other materials.
2 The model describes the cantilever motion using conventional beam dynamics as depicted in Fig. 2 . The cantilever is a beam of length L that is clamped at one end. The other end is free to vibrate ͑free-space condition͒ or else is coupled to the surface by a spring of stiffness k* ͑sample-coupled condition͒. The spring is located at the position L 1 with respect to the clamped end of the cantilever. The remaining distance to the unclamped end is LЈ.
To include the effect of a viscoelastic interaction damping between the tip and the sample, a dashpot with characteristic damping ␥ in parallel with the spring is added. Closed-form analytical expressions can be written to characterize the beam dynamics of this system. Equations that relate the sample-coupled frequencies f n to the contact stiffness k* as a function of the relative tip position L 1 /L have been developed previously for the case of no damping (␥ ϭ0). 9 In other work, 10 similar equations have been derived that include damping (␥ 0) but assume L 1 /Lϭ1. By combining these results, we obtain the following relation between f n and k* if both damping and tip position effects are considered:
where k n is the wave number of the nth resonant mode. The damping constant p in Eq. ͑1͒ is given by 
where 0 ϭ2 f 1 0 is the angular frequency of the first freespace resonance and k 1 LϷ1.875 is the first root of the freespace equation ͓Eq. ͑1͒ with k*ϭpϭ0]. Equation ͑1͒ was derived assuming that: ͑a͒ the tip experiences no lateral coupling and ͑b͒ the tip is perpendicular to the cantilever axis.
For a cantilever vibrating in free space, k*ϭpϭ0 and the right-hand side of Eq. ͑1͒ is zero. The roots k n 0 L of this modified equation can be found numerically. From the roots and the free-space frequencies f n 0 , one obtains the characteristic parameter c B L that contains the cantilever mass density, Young's modulus, and beam thickness:
If damping effects are either not present or not accounted for when the cantilever is in contact with a sample (pϭ0), Eq. ͑1͒ and thus k n is real. To find values for k* from the resonant frequency spectra, c B L is first determined from f n 0 . Equation ͑3͒ is then used to determine the sample-coupled k n L from the sample-coupled f n . Given the ͑real͒ values of k n L, Eq. ͑1͒ is solved to determine k* as a function of the effective tip position L 1 /L for each flexural mode. The value of L 1 /L for which both resonant modes yield the same value of k* is considered to be the correct solution. We found that L 1 /LϷ0.92 for the cantilever used in these experiments.
If p 0, that is, if damping effects are included, Eq. ͑1͒ and hence the k n are complex. In this case, we again started by determining c B L from the free-space resonances using Eq. ͑3͒. Next, a value for the damping constant p was assumed. The root finder of a commercial software package was used to determine the complex values of k n L that satisfied Eq. ͑1͒. As an initial guess value for k n L, we used the value calculated with Eq. ͑3͒ for pϭ0. From the roots, the real part of Eq. ͑1͒ was evaluated to find k*. The calculated values of k* for each mode were plotted as a function L 1 /L. As before, the value of k* and L 1 /L, where the two modes intersected was taken as the solution.
The reduced modulus E* and the indentation modulus M for the test material are determined from k* and knowledge of the properties of the reference material:
Here effect was much more pronounced for the FSG film: k*/k c increased by ϳ6% as the RH increased from 17.5% to 36%.
V. RESULTS AND DISCUSSION
To include damping effects, we assumed that the damping constant p was proportional to the relative humidity:
The value of the proportionality factor pЈ was the same for all measurements on a given material but varied from mate- ͓␥ 7740 ϭ2.7ϫ10 Ϫ6 N s/m in Eq. ͑2͔͒. The results for the normalized contact stiffness k*/k c from this calculation are shown in Fig. 3͑b͒ . It can be seen that by including a damping term in the data analysis, the apparent dependence of k*/k c on RH has been removed. Note that the specific values of pЈ ͑or ␥͒ were chosen somewhat arbitrarily and were not calculated from independent information ͑e.g., Q factor of the resonant peaks͒. The point we intend to illustrate in this article is how a damping term can account for RH effects, and not how the term is quantitatively determined a priori. The degree to which the RH effects are removed might be improved if the values of pЈ used in the calculation were adjusted by approximately 5%-10%.
Figure 4 reveals how humidity can impact our ability to determine quantitative elastic properties with AFAM. The solid circles in Fig. 4 correspond to values for the indentation modulus M of the FSG film calculated from the ''uncorrected'' values of k*/k c in Fig. 3 ͑that is, with damping constant pϭ0). Each point represents the average of three different measurements. Measurement repeatability ͑data scatter between individual points͒ was typically 1 GPa or less. Fig. 4 show the values of the modulus M FSG calculated from the ''corrected'' values of k*/k c that contain damping effects ͑that is, calculated with p 0). The apparent humidity dependence has been virtually eliminated. The average of these results is M FSG (corr)ϭ59Ϯ1 GPa.
A possible physical explanation for the observed humidity dependence is the presence of a water layer on the sample surface. If the thickness of the water layer increases with RH, then the apparent contact radius a between the tip and the sample increases accordingly. Because the contact radius and the contact stiffness are directly related through k* ϭa/(2E*), k* is also expected to increase with increasing RH. This is the effect illustrated in Fig. 3͑a͒ . As a matter of interest, numerical values were calculated for the contact radii a 7740 and a FSG of the Pyrex 7740 and FSG film samples, respectively. The measured values of k* were used, along with E 7740 * ϭ46.5 GPa and E FSG * ϭ55 GPa. We found that a 7740 varied from approximately 33 to 35 nm over the RH range reported and increased with RH. a FSG increased with RH from about 36 to 39 nm over the same RH range.
It should be noted that FSG films have been previously observed to interact with atmospheric moisture.
6 Water absorption alters the dielectric constant of FSG and affects the stability and reliability of the film. Therefore, this effect has important implications for the use of FSG films in microelectronic devices. Several authors have investigated the water absorption phenomenon in FSG and its dependence on film properties such as fluorine content. 11, 12 Due to these absorption effects, the dependence of k* with RH in FSG may be stronger than in other common materials. Nonetheless, our results illustrate one way that AFAM methods may be adapted to suit a diverse range of technologically interesting materials.
To our knowledge, the effect of humidity on acoustic AFM measurements has not been investigated in detail. Dinelli et al. 13 performed experiments using a related technique, UFM. The contact stiffness for silicon ͑Si͒ and sapphire samples were measured as a function of applied load with a relatively soft ͑ϳ3 N/m͒, V-shaped silicon cantilever. UFM experiments were performed at two or three different RH values. For sapphire, stiffness were generally lower at lower humidity ͑20% versus 75%͒. For ͑001͒ Si, stiffnesses at 18% RH were markedly lower, but values at 30% and 55% RH were roughly similar and showed no clear dependence. Because these materials are about three to six times stiffer than our samples and the cantilever is more than 15 times softer than ours, it is likely that a different regime of contact mechanics applies. 
VI. SUMMARY AND CONCLUSIONS
We have investigated the effect of humidity on quantitative AFAM measurements of elastic properties. A thin film of fluorosilicate glass and a piece of Pyrex 7740 borosilicate glass were examined. When the cantilever dynamics were analyzed assuming elastic effects only, calculated values of the contact stiffness k* increased approximately linearly with relative humidity. The data analysis model was extended to account for viscoelastic damping between the tip and the sample. A damping term proportional to the relative humidity was included. The revised values for k* showed virtually no dependence on humidity. Thus, the subsequent calculations of the indentation modulus M from the contact stiffnesses yielded similar values regardless of the measurement of humidity.
These results indicate that environmental conditions can influence quantitative AFAM measurements of nanoscale elastic properties, at least for some materials. We plan to implement RH control on our AFM apparatus in order to study the effect systematically. Experiments will be performed to determine if the effect remains linear over a wider range of RH. In addition, a variety of materials will be examined to investigate which types are most susceptible to this behavior. Such experiments may also reveal a way to determine quantitative values for p or a related parameter from the measurable quantities.
